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ABSTRACT 



mrj 

The mass spectrometer experiment on the Explorer XVII satellite 
has yielded new data on the concentrations of the major components of 
the neutral upper atmosphere over a two month period in the spring of 
1963. These data compare favorably with results from the total density 
experiments on the same spacecraft as well as satellite drag data and 
direct measurements made from rockets. The night measurements are 
in general consistent with an isothermal atmosphere at a temperature 
of 650° to 700°K while the daytime scale heights indicate a temperature 
of 825° ± 75°K. There was a large variability in the number densities 
at a given altitude, indicating a strong sensitivity to changes in energy, 
inputs to the atmosphere, particularly to changes in magnetic activity. 
Average quiet daytime conditions near 260 kilometers altitude were 
observed to be: N 2 , 1*5 ± 0.5 X 10 8 cm" 3 ; 0, 2.4 ± 0.4 X 10 8 cm” 3 ; 
He, 1.4 ± 0.3 X 10 6 cm” 3 . Average quiet nighttime conditions at 400 
kilometers were: N 9 , 2.0 ± 1.0 X 10 6 cm' 3 ; 0, 1.0 ± 0.4X 10 7 cm” 3 ; He , 
6.0 ± 2.0 X 10 5 cm" 3 . The large horizontal change in the location of the 
satellite during a measurement precludes the interpretation of the data 
in terms of a simple vertical profile, but does offer the possibility of 


investigating local time or other horizontal gradient effects on the 


atmospheric^ constituents. 




1. INTRODUCTION 


Prior to 1963 aeronomic measurements in the upper atmosphere 
fell into two categories; a rather small number of direct measurements 
by means of sounding rockets and indirect measurements based on de- 
ductions from satellite drag accelerations. The rocket experiments 
yielded results in terms of density, pressure and composition in the 
altitude range 100-220 kilometers and generally over specific locations 
on the earth*s surface, such as White Sands, N. M., Fort Churchill, 
Canada, or Wallops Island, Virginia (J. W. Townsend, et al, 1954)(*\ 

(J. W. Townsend and E. B. Meadows, 1958)( 2,3 \ (A. O. Nier, et al, 
1964)( 4 \ (A. A. Pokhunkov, 1963)( 5 ), (E. Meadows-Reed and C. R. Smith, 
1964)( 6 ), (E. J. Schaefer and M. H. Nichols, 1963)( 7 >, (D. R. Taeusch, 
et al)( 8 \ (L. M. Jones, 1954)( 9 X From satellite drag data on the other 
hand it is possible to obtain continuous monitoring at various altitudes 
corresponding to the perigee altitudes of particular satellites and gen- 
erally above 200 kilometers (G. V. Groves, 1961) ( 10 ), (R. Jastrow and 
R. Bryant, 1960)( n ), (L. G. Jacchia, 1963)( 12 ), (H. K. Paetzold, 1959) < 13 ), 
(D. G. King-Hele and D.M.C. Walker, 196l)( 14 ), However, the informa- 
tion gathered from drag accelerations is in the form ofpH 1/2 > where p 
is the total density and H is the atmospheric scale height, and this 
quantity has proven to be ambiguous as evidenced by the number of 
apparently conflicting atmospheric models based on the same observa- 
tions. Drag data have , nonetheless , provided the bulk of the atmospheric in- 
formation at altitudes greater than 200 kilometer s . They have demonstrated 
the extreme variability of the upper atmosphere and indicated the major 
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cause for these variations to be excursions in the solar flux incident on 
the atmosphere. 

The Explorer XVII aeronomy satellite was launched on Z April 1963, 
with the purpose of extending the techniques previously used in rocket 
measurements to higher altitudes and to provide a much broader cover- 
age than had been achieved. It carried four pressure gages (G. P. New- 
ton, et al, 1965)( 15 \ two mass spectrometers and two electrostatic probes 
to measure electron energies and ion density (L. H. Brace, et al, 1965)^ 16 ). 
The purpose of this paper is to present the majority of the data from the 
mass spectrometer experiment as well as preliminary interpretations 
of the atmospheric phenomena observed. Good data were received from 
one of the spectrometers for approximately 187 real time interrogations 
(passes) covering a two month time span following launch. Data from 
the other spectrometer indicate a malfunction in the system and will not 
be reported here. 

Z. EXPERIMENT 

Z. 1 General 

Previous measurements of composition in the upper atmosphere 
as well as a number of theoretical investigations (M. Nicolet, 1961) 
had indicated that the major constituents in the altitude range covered by 
Explorer XVII would be molecular nitrogen, atomic oxygen, and possibly, 
helium. Therefore, these three gases were the primary ones investigated 
with the mass spectrometers, although molecular oxygen, atomic nitrogen 
and water vapor (which might have affected the atomic oxygen measure- 
ment) were also monitored. 
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The spin stabilized Explorer XVII (N. W. Spencer, 1965) ( 19 ) was in- 
jected into an orbit of 58° inclination, 257 kilometer perigee and 900 kil- 
ometer apogee, with a spin rate of 90 revolutions per minute. Perigee 
was initially at 40° north latitude and moved north to 58° and then south 
to 20° south latitude during the operating lifetime of the satellite. As 
there was no data storage facility on board Explorer XVII, these orbit 
parameters are particularly important as they determine the relation- 
ship between local sun time and altitude for passes of the satellite over 
any one ground receiving station. It is the summation of data from all 
the ground stations which allows diurnal/altitude variations to be ob- 
served, even though this injects a geographic variation as well. 

Physically, the satellite was a stainless steel sphere, 35 inches in 
diameter, constructed using state-of-the-art techniques in vacuum sys- 
tem design. The two mass spectrometers were located on the opposite 
ends of the spin axis, which at launch was nearly in the plane of the 
orbit. Primary power was supplied by wet cell batteries from which 
was obtained a lifetime of greater than three months. Data were trans- 
mitted via a 9 bit pulse code modulation telemetry system, offering a 
precision in reading the data of approximately 0.2%. 

Usable data were not obtained from the mass spectrometer over the 
full satellite lifetime for two reasons. At the end of 290 orbits the spin 
axis had precessed in such a way as to point the spectrometer directly 
at the sun. As there was then no chance to dissipate all the incident 
energy, the spectrometer and attached detector amplifier reached quite 
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high temperatures (94°C on the spectrometer mount). At these tempera- 
tures the output of the amplifier was degenerated. By orbit 700 the spin 
axis had precessed sufficiently for the spectrometer and amplifier to 
cool to operating temperatures. 

By orbit 900 the amplifier output again appeared to be degenerating. 
This degeneration took the form of a large drift in zero level and an ap- 
parent decrease in voltage gain for the system. One possible explanation 
for this is the cumulative effect of energetic particles on the high imped- 
ance portions of the electrometer circuit. The amplifier did not recover 
from this degeneration. 

2.2 The Mass Spectrometer 

The velocity of the satellite, about eight kilometers a second, was 
high compared to the mean thermal velocity of the ambient gas particles. 
This caused the neutral particles to approach with a kinetic energy which 
varied directly with their mass and which ranged between 1Z electron 
volts for molecular oxygen down to 0.67 ev for helium. Since the par- 
ticles approached anti-parallel to the satellite velocity vector there was, 
in effect, a flux of particles beamed at the spectrometer. The angle of 
incidence of this beam was dependent on the orientation of the satellite 
with respect to its velocity vector. The requirement to analyze particles 
incident in this manner dictated, to a large extent, the overall design of 
the experiment (E. B. Meadows, 1960)< 20 >, (L. G. Hall, et al, 1960)( 21 >, 
(N. W. Spencer and C. A. Reber, 1963)( 22 \ (C. A. Reber and L. G. Hall, 

1 96 5 ) ( 2 ^). 
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The mass spectrometer employed was a double focusing magnetic 
deflection type designed specifically for satellite use (Figure 1). Its 
design featured a "nude" electron beam ion source external to the satel- 
lite surface and an ion lens to focus the energetic ions formed from the 
high velocity incident neutral particles. The electric and magnetic fields 
of the analyzer were held constant and mass selection was achieved by 
stepping between preselected ion collectors located along the spectrom- 
eter focal plane. 

The ion current incident on the collectors was detected by a sensi- 
tive electrometer amplifier. The output of the electrometer was fed into 
a logarithmic amplifier which compressed its large dynamic range into 
a form suitable for telemetry. With the precision which the telemetry 
allowed, the output of the electrometer reading, through the log amp, 
was known to within 1.5 to 2.0%. 

Figure 2 is a photograph of a telemetry record showing the output 
of the logarithmic amplifier. Each data step is four seconds in length 
and there are two sensitivity ranges (differing by a factor of 100) in- 
corporated into the linear electrometer amplifier. The calibration 
sequence in the middle of the run is from an in-flight calibrator for the 
detector system. 

The "rezero sample" step in each cycle is the result of the opera- 
tion of a circuit in the electrometer amplifier designed to minimize the 
influence of dc drift of the zero level by once each cycle clamping the 
zero level to ground potential. Following the zero level monitor the 
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masses are sampled in the sequence He (4), N (14), H 2 0 (18), 0 2 (32), 

N 2 (28), 0(16) and total. This particular sequence was chosen to sample 
the constituents in order of their expected abundances, with the highest 
currents measured last. Thus the effect of any small drift in the zero 
level, following the rezero operation, would be minimized. This drift 
was measured in test to be about one millivolt per minute. 

2.3 Experiment Calibration 

The mass spectrometer was calibrated on a high vacuum system 
using two or more commercial (Veeco, Westinghouse, and Varian) 
Bayard-Alpert pressure gages. These gages were calibrated against 
other Bayard-Alpert type pressure gages which in turn had been cali- 
brated against a McCleod absolute pressure gage. This family of cal- 
ibrated gages includes those against which the pressure gages on Ex- 
plorer XVII (G. P. Newton, et al, 1965) and the omegatron partial 
pressure gages flown in the Thermosphere Probes (N. W. Spencer, et al, 
1965)< 24 > were calibrated. 

The system was pumped to its ultimate vacuum, in the low 10“ 9 torr 
range, and a background spectrum was obtained. A pure sample gas N 2 , 
0 2 or He was then admitted in small increments and the readings of the 
pressure gages and the spectrometer recorded. This was continued to 
a maximum pressure of 10 -5 torr for He and N 2 , or to 10~ 7 for 0 2 , and 
then the sample gas pressure was decreased in small increments. After 
correction for the background contributions and chemical effects (e.g. 
formation of CO upon introduction of oxygen) a least squares analysis 
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was run on the data to obtain the calibration constant for each gas. Data 
from the increase and decrease of sample pressure were used in the 
analysis and were quite consistent. The sensitivity of the mass spec- 
trometer for atomic oxygen was calculated using the results of the molec- 
ular oxygen calibration and the data of Fite and Brackman (W. L. Fite and 
R. T. Brackman, 1959)^ 25 ^ on the ratio of cross sections of atomic and 
molecular oxygen as a function of the energy of the ionizing electrons. 

This calibration was carried out at least three times on as many 
days before the entire mass spectrometer system was subjected to en- 
vironmental testing in the form of launch vibration simulation. Follow- 
ing vibration the calibration procedure was repeated to test for any 
change in system performance. The six separate calibrations were re- 
peatable within the limits of reading the laboratory pressure gage con- 
trol units, or about 3%. 

2.4 Data Analysis 

The primary task of data analysis was to convert the telemetered 
ion currents into number densities of the ambient constituents. These 
ion currents were direct measurements of the number densities of the 
gases in the ion source, or sampling volume, at the time of the measure- 
ment. In general, particles could arrive in this sampling volume from 
the atmosphere in one of three ways: (1) ambient particles could enter 

the source volume directly, with no prior surface collisions, and become 
ionized; (2) particles could become ionized after having undergone one 
or more surface interactions in the source region and having become 
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partially thermalized; (3) particles could enter the spectrometer, be- 
come completely thermalized, and pass through the sampling volume 
upon being re-emitted from the spectrometer. (A thermalized particle 
is one which has undergone a sufficient number of surface collisions to 
reduce its high initial kinetic energy to approximately 0.025 ev, equiva- 
lent to the satellite temperature). By studying these three cases and 
combining the results with the laboratory gas calibrations, the relation- 
ship between the measured ion currents and the ambient concentrations 
could be deduced. 

Despite the precautions taken to minimize the amount of gas back- 
ground from the spectrometer there was still some contamination evi- 
dent under certain measurement conditions. At times when the spec- 
trometer opening was pointing "backward” along the satellite velocity 
vector there was no ram buildup of particles; on the contrary, the number 
of particles entering the gage from the atmosphere was negligible due to 
the large difference in velocities of the satellite and gas particles. (R. 
Horowitz and H. E. LaGow, 1957)^ 26 ^ Measurements at these times, 
however, indicated non -vanishing partial pressures for all the compo- 
nents with the exception of helium; these measurements indicated the 
gage background pressures, due to desorption, for the various gases. 

Over the course of the satellite lifetime there was a sufficient number 
of these background measurements to allow construction of an outgassing 
history for each gas; the background contribution at the time of each at- 
mospheric measurement was then subtracted from the measurement. 
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The analysis procedure was then to (1) ascertain the background to 
subtract for a given measurement and (Z) multiply the remainder by the 
appropriate function to relate the measurement to the atmosphere: 

N - N 

N - Jm J BKG 

ja ~ K.(a) ’ 

where N. g is the ambient number density of the j th component N jm is 
the measured number density, N. fiKG is the appropriate background 
density and Kj(a.) is the factor relating the measurement to the atmos- 
phere as a function of the angle between the gage normal and the satel- 
lite velocity vector (angle of attack, a). K .(a) is shown in Figure 3. 

The absolute accuracy of the number density data is ±40%, reflect- 
ing laboratory vacuum calibration error and the uncertainties in the 
ambient number density calculations. The relative accuracy for a given 
component varies with the difference in the angles of attack for the passes 
being compared. For passes where the angles of attack are similar the 
relative accuracy is about 3%; for data obtained where the angles of 
attack differ by 70° or more, the relative accuracy is about 20%. For 
different components the relative accuracy on the same pass is within 
20%. This allows the mean mass to be assigned a worst case accuracy 
of 6%. This worst case is for a mixture which is essentially the two 
components helium and atomic oxygen in equal parts. For an atomic 
oxygen density ten times that of helium, the error drops to less than 
0.6%. For equal parts molecular nitrogen and atomic oxygen the mean 
mass error is less than 3%; it also decreases as we increase one com- 
ponent or the other. 
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Since the relative accuracy of the number density varies with the 
angle of attack, this quantity is listed in Table I, along with the local 
suntime and other pertinent information. 

3. DATA 

The data were taken over geographic areas centered on the locations 
of the Minitrack ground receiving stations. The relationships between 
altitude and local time for the passes from which mass spectrometer 
data are presented are shown in Figure 4. This altitude -time relation- 
ship is determined by orbital parameters including the motion of the 
subperigee point. It can be seen from the figure that there is a strong 
interrelationship between any altitude profile and local time changes. 

Ambient number densities as a function of altitude are shown in 
Figures 5, 6 and 7 and 10 through 14. These are the data arrived at by 
the procedures outlined in the preceding section. Figures 5, 6 and 7 
show data from passes with local time between 4.00 hours and Z1.00 hours, 
or roughly the daytime passes, while Figures 10 through 14 contain the 
nighttiine data. Atomic oxygen and molecular nitrogen data obtained 
from a single satellite pass are indicated by a pair of points joined by a 
straight line. 

Data from passes specifically referenced in the text or of particular 
interest are indicated on the figures by the orbit number and receiving 
station. These stations and the abbre viations used are as follows: 

Blossom Point, Md. (BP); College, Alaska (COL); Fort Myers, Fla. ( FTM) ; 


10 



Grand Forks, Minn. (GFO); Quito, Equator (QUI); Mojave, Calif. (MOJ); 
Newfoundland (NFL); Woomera, Australia (OOM); Johannesburg, South 
Africa (JOB); Winkfield, England (WNK). 

Due to the low signal to noise for the helium data we have had to 
reject two out of the three helium measurements per pass. This was 
due to a small, unknown zero offset in the electrometer amplifier out- 
put at the time of the first and third measurement. There is thus only 
one helium data point presented for each pass. All the measurements 
presented here from a single pass, N 2 , O and He, were taken within one 
minute of each other in real time and each data point shown represents 
an average over two seconds in time and therefore an average of 120 
telemetered data points. This two seconds represents 16 km or less in 
displacement of which no more than 0.75 km is vertical motion. 

The total mass density, as obtained from the mass spectrometer, 
is shown as a function of altitude in Figures 8 and 15. This quantity 
was obtained by summing the contributions of the major constituents, 
atomic oxygen, molecular nitrogen and helium, for each pass according 
to the formula p = zn, m n. is the number density of the i th compo- 
nent and m. is its mass. As the measurements for each gas are made 
at different real times, and hence at different altitudes, the number 
densities are extrapolated or interpolated within a pass to arrive at 
two reference altitudes per pass for the total density. 

Figures 9 and 16 show the mean molecular mass, M =2. n. M./I n. 
(where M. is the atomic mass number of the i th species), as a function 
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of altitude. Here again the points shown are extrapolated or interpolated 
within a pass to arrive at two reference altitudes. In this case only the 
number densities of N 2 , O and He are used, any other measured compo- 
nent having a negligible effect on the result. It should be pointed out that 
the omission of hydrogen, which the instrument was not designed to meas- 
ure, could raise the calculated mean mass over the actual value at the 
higher altitudes. 

4. DISCUSSION 

4.1 Nighttime Molecular Nitrogen 

By neglecting, for the time being, those nighttime data taken 
at times of known geomagnetic or solar disturbances one can obtain a 
general idea of the variation of the N 2 , He and O concentrations in the 
altitude range from 300 km to 500 km. Passes 163 WNK, 167 BP and 
182 BP (Figure 5) occurred on 14 and 15 April and apparently reflected 
the effect of a small magnetic disturbance, A p = 17, on the 14th. The 
remainder of the passes shown in this altitude range exhibit an overall 
decrease in N 2 concentration with altitude which is consistent with a 
diffusion controlled atmosphere at a temperature of about 700°K and an 
absolute concentration at 400 km of 2.0 i 1.0 X 10 6 per cubic centimeter. 

The variations within individual passes, which do not appear to 
follow the general altitude profile, can be understood in part on the 
basis of the local time variation between the two measurements. For 
the data shown in Figure 5 the lower altitude measurement is made in 
general about one half hour in local time before the higher altitude 
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measurement; e.g. pass 237 WNK measured N 2 at 22.56 hours and 23.16 
hours. A difference of about 30° in the local temperature for the two 
measurements would account for the difference observed between the 
slope for this pass and the slope for an atmospheric temperature of 
700°. 

There is, of course, a local time variation from pass to pass in the 
data shown in Figure 5. This variation works in such a way as to place 
the lower altitude data, 300 to 375 km, generally earlier in the evening 
than the higher altitude data; for example, we see that 237 WNK occurred 
around 23.00 hours while 138 BP was monitored at 2.50 hours. There 
thus has been a longer time interval since sunset for the high altitude 
passes. This, combined with the tendency for equilibrium to occur first 
at higher altitudes due to the inverse dependence of diffusion time on 
number density, would act to decrease the relative concentrations of N 2 
at higher altitudes with respect to that observed below 400 kilometers. 

As mentioned earlier, passes 163 WNK, 167 BP and 182 BP were 
taken at the time of a small magnetic disturbance, A p =17, and show an 
increase of about a factor of three in N 2 concentrations over the meas- 
urements made at times of lower A . On the other hand, pass 119 WNK 

p 

corresponds to a time when A p was particularly low with a value of 2, 
and this pass indicated N 2 densities lower by more than a factor of two 
than the average. The 10.8 cm solar flux during this time was at the 
maximum of the 27 day cycle with values of 90 ± 2 and while variations 
in the solar flux did correspond to variations in the N 2 concentrations, 
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the larger variations in concentrations were associated with changes in 
magnetic activity. The data thus seem to indicate a rather strong sen- 
sitivity of the N 2 concentrations to magnetic conditions. Pass 18Z BP, 
in particular, shows an N 2 concentration of four times that of the average 
value for an altitude of 430 kilometers. This behavior is in general qual- 
itative agreement with the results of the pressure gage experiments on 
Explorer XVII. It should be pointed out that all the N 2 data used in this 
figure and for this discussion are from middle to high latitude passes in 
the Northern Hemisphere. All of the nighttime data being discussed here, 
including O and He, were obtained between 3 April and 22 April 1963. 

4.2 Nighttime Atomic Oxygen 

The nighttime atomic oxygen concentration variation with altitude 
is shown in Figure 6. Again ignoring the high A p passes which occurred 
on the 14th and 15th of April, it is noted that the "scale height" is con- 
sistent with an atmospheric temperature of about 700° with a number 
density at an altitude of 400 km of 1.0 ± 0.4 X 10 7 atoms per cubic centi- 
meter. As in the case of N 2 , the observed changes in concentration with 
altitude for individual passes should be interpreted as functions of local 
time and other horizontal effects as well as vertical variations. 

It can be seen by comparing Figures 5 and 6 that there is a larger 
variation between passes in the N 2 concentrations than in the atomic 
oxygen concentrations. This is a natural consequence of the diffusion 
phenomena, where, for any constant value n(z Q ) in an isothermal region, 
we have the altitude relationship for a gas component 
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where g is an average gravitational acceleration over the altitude range 
z 0 to Zj and z = z 1 -z 0 >0. For a temperature variation from Tj to T 2 
one obtains 


An 

n 


mg z 


T T 

A i *2 


AT. 


Thus, at any altitude z > z Q , a change in temperature AT will change the 
concentration of N 2 (mass 28) more than it will affect the concentration 
of 0 (mass 16) in the ratio of the masses 28/16 = 1.75. This is, of course, 
only an approximation to the behavior for a change in exospheric tem- 
perature as the value of the temperature gradient in the thermosphere 
also plays a large part in the concentrations at higher altitudes. For 
instance in a diffusive model at an altitude of 400 kilometers the ratio 
of the concentration change for T x = 650°, AT = 50° is 2.04/1.45 = 1.41 
and for AT = 100° this ratio is 3.70/1.98 = 1.87. This approximate re- 
lationship does however emphasize the fact that heavier mass compo- 
nents will exhibit a larger variation in concentration for a given tem- 
perature change than will light components. 


Further comparison of the N 2 and 0 concentrations shows that they 
are both about 1 X 10 8 cm“ 3 near 300 km (C. Reber, 1964) Since 

rocket measurements indicate that the ratio n(N 2 )/n(0) is also unity 
near 200 km (A. O. Nier, et al, 1964)( 28 ) } there must be a thick region 
(which is a transition region) where N 2 and O, being of the same order, 
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will vary in a very complex way due to the diurnal variations of tem- 
perature. Diffusive conditions must be such that the time required to 
reach equilibrium is long. 

4.3 Nighttime Helium 

The helium data, shown in Figure 8 have sufficient scatter (due 
possibly to the low signal to noise) that it is difficult to do more than 
indicate rather gross variations and trends. One of these is the differ- 
ence between the observations above 600 km altitude obtained in the 
Southern Hemisphere and those below 550 km from the Northern Hemi- 
sphere. The altitude variations of the data from the two hemispheres 
appear to be consistent with atmospheric temperatures of approximately 
700° but the northern (springtime) data appear to be about 50% lower 
than that from the south (fall hemisphere). This is not surprising in 
itself as the concentration of helium in the heterosphere is believed to 
be extremely sensitive to the height of the level where diffusion begins 
to predominate over mixing: an increase of 5 kilometers in the height 

of the diffusion level may be associated with a decrease by a factor of 
two in the concentration of helium above 200 kilometers for the same 
atmospheric temperature (M. Nicolet, 1961) C 18 ). Furthermore, the 
altitude for the diffusion level is expected to be seasonally dependent. 

Comparing the nighttime atomic oxygen data to the helium data, it 
can be seen that the concentrations of the two species become comparable 
near 550 kilometers in the Northern Hemisphere. The two Quito passes, 
183 and 242 show helium having a higher concentration than atomic oxygen 
at 650 kilometers. 
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4.4 Nighttime Mean Mass and Total Mass Density 


The nighttime mass density data are shown in Figure 8. It can be 
seen that the total density in the northern latitudes ranges between 
8 ± 2 X 10’ 15 gm cm“ 3 at 300 kilometers and 1.4 ± 0.6 X 10 ~ 16 gm cm -3 
at 450 kilometers altitude. There were, unfortunately, no usable night- 
time data at altitudes less than 300 kilometers. 

In comparing these data to the simultaneous pressure gage meas- 
urements on Explorer XVII nearly all the densities fall within the limits 
of error claimed for one or the other of the two experiments (G. P. New- 
ton, et al, 1965) In general the pressure gages indicate densities 

which are lower than those from the mass spectrometer, with a differ- 
ence of less than 40% for most comparisons. 

If one makes a simple extrapolation of the lower altitude data from 
300 kilometers down to Z70 kilometers, a comparison becomes possible 
with densities deduced from satellite drag data for Explorer XVII. Upon 
making this extrapolation, using all the low altitude passes, a value at 
270 km is obtained of 2.5 ± 1.0 X 10' 14 gm cm' 3 for the period 6 April 
to 20 April. By ignoring those passes which correspond to periods of 
increased magnetic activity, 163 WNK, 237 WNK and 254 NFL, we arrive 
at a lower value for 270 km of approximately 1.8 ± 0.3 X 10~ 14 gm cm' 3 . 
This can be compared to a value obtained from drag data by Slowey 
(J. Slowey, 19 6 4) ( 29 ) for the same period and altitude of 3.2 ± 1.1 X 10 ~ 14 
gm cm “ 3 . It might be pointed out that in the discussion of drag results 
by Slowey the Nicolet model for a temperature of 773° is used and the 
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resulting density is quoted as being too high. The temperature range 
deduced by Slowey is 635° (Explorer XVII drag) to 704° (solar flux 
Fio 7 - 81) so the densities should be referenced to a lower model 
tempe rature. 

Figure 9 presents the mean mass as a function of altitude. For 
altitudes greater than 425 kilometers the mean mass is generally less 
than 16 for low solar and magnetic activity reflecting the importance 
of helium. The majority of these data were obtained in the time interval 
between 23.00 hours and 3.00 hours and from many Northern Hemisphere 
locations with spread in latitude of greater than 30°. It should also be 
kept in mind, of course, that the concentration of hydrogen is not in- 
cluded in these mean mass data. 

4.5 Daytime Molecular Nitrogen 

If there is any one outstanding characteristic of the results of the 
daytime N 2 measurements, it is the extreme variability of the concen- 
tration over the two month period of observation (Figure 10). As the 
greatest number of measurements were made near perigee (258 km), 
this altitude presented the highest probability of seeing variations. This 
was in fact borne out, as ten measurements between 260 and 265 kilo- 
meters displayed a variation of nearly a decade. 

Between 21 May and 31 May, the local time of the perigee measure- 
ments ranged between 12.70 hours and 10.30 hours and the N 2 concen- 
tration at 265 kilometers varied from 8.0 X 10 7 cm' 3 to 6.6 X 10 8 cm" 3 . 
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Apparently values near 1.0 - 2.0 X 10 8 cm -3 are representative of aver- 
age undisturbed conditions as the higher values (e.g. 831 BP, 846 BP and 
876 BP) followed closely a magnetic disturbance of A p = 21. 

An interesting sidelight to this is that for these particular passes 
which indicate a higher N 2 density the positive ion density, as measured 
by one of the Explorer XVII electrostatic probes, is lower than for cor- 
responding measurements on magnetically quiet days (L. H. Brace, et al, 
1965) ( 16 ). This is to be expected when one considers that molecular 
nitrogen plays an important role in the loss mechanism for electrons 
in the F-region (J. W. Wright, 1964) The lower values of N 2 density 

were observed at times when A p was no greater than 4 and averaged 
about 3. The values at 260 kilometers corresponding to relatively un- 
disturbed conditions agree quite closely with values obtained by Nier 
(A. O. Nier, et al, 1964) ( 28 ), (A. E. Hedin, et al, 1964) < 31 >, (H. E. Hinte- 
regger, et al, 1964 ) O 2 ), (N. w. Spencer, et al, 1 965)^ from rocket 
flights in the first part of 1963. (We obtained Nier's value at 260 kilo- 
meters by extrapolating his measured data upward with a diffusive model 
for a temperature of 800°). These rocket measurements indicate con- 
centrations for N 2 at 260 kilometers of 1.5 to 2.0 X 10 8 cm“ 3 . Pokhunkov’s 
measurement of November 1961 indicated a value of 1.1 X 10 9 cm’ 3 for 
this same altitude and corresponded to a higher level of the solar cycle 
(A. A. Pokhunkov, 1963) ( 5 ). 

As the observations in May moved to higher altitudes in the Northern 
Hemisphere, the times of observation became earlier in the day until we 
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approached sunrise measurements at 500 kilometers (see Figure 4). 

The decrease of the N 2 concentration with altitude is consistent with an 
atmospheric temperature of 825° ± 75°K throughout this morning meas- 
urement period. 

The measurements in early April, all near the perigee altitude, 
indicate a number density of 1.6 - 3.0 X 10 8 cm -3 at 260 kilometers. 

These passes occurred late in the day, 197 COL being as late as 21.47 
hours. 197 COL, a relatively high density measurement, also followed 
by two days a minor magnetic storm of A p = 17. 

At the 350 kilometer level, there were a number of passes (772, 

728, and 743 COL) around 7.50 hours to 8.50 hours prior to 24 May 
which indicate a concentration of 7.5 X 10 6 cm" 3 . On and following the 
25th of May, there is a continuation of this group of passes (787, 802, 
and 817 COL), but now the concentration is about 1.6 X 10 7 or more than 
a factor of two increase. At the time of this increase, the 10.7 cm flux 
increased from 89 to 93 and the A index increased from 2 to 8, indicat- 

p 

ing again the sensitivity of the N 2 concentration to modest changes in 
magnetic and solar conditions. Also, the higher concentration persisted 
at least through 27 May, while the solar 10.7 cm index dropped to 76 and 
the A p oscillated between 6 and 7, indicating perhaps a stronger sensitivity 
to A p than to F 10 7 for values of these magnitudes. 

Shown also in Figure 10 are the results from six Southern Hemi- 
sphere passes between 12.00 hours and 15.00 hours. These show a 
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considerable variation in the N 2 concentrations, indicating either a dif- 
ference in local temperatures or in the boundary conditions at lower 
levels, or, more likely, differences in both. 

4.6 Daytime Atomic Oxygen 

The daytime atomic oxygen data shown in Figures 11 and 12 were 
obtained during early April and late May in both the Northern and 
Southern Hemispheres. The April data, Figure 11, are entirely from 
the Northern Hemisphere (with the exception of 1 3 QUI which extends 
to -5.3°), while the May data shown in Figure 12 include both Northern 
and Southern Hemisphere results. 

The lowest altitude data shown in Figure 10, from 258 km to 300 km, 
were obtained at local times around sunset. It is seen that the concen- 
tration of atomic oxygen near 260 km is 2.0 - 2.7 X 10 8 cm -3 which is 
comparable to that for molecular nitrogen measured at the same time. 
The general altitude variation from 260 km up is consistent with a tem- 
perature of about 800°. 

At higher altitudes, the data taken near sunrise indicate number 
densities of 1.6 ± 0.4 X 10 6 cm" 3 at 500 km in the Northern Hemisphere. 
An early evening pass from Quito indicates a concentration of 1.6 X 10 7 
cm -3 at 375 kilometers and a sunrise Quito pass at 675 kilometers shows 
1 X 10 5 cm -3 . If the Northern data are interpreted in terms of an iso- 
thermal diffusive atmosphere, it appears that the sunrise atomic oxygen 
measurements indicate a temperature as high as the sunset measure- 
ments indicate, implying a quite rapid response to the solar energy input. 
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Also, since the sunrise data are entirely from above 450 kilometers 
altitude, a rapid response would be expected due to the low number 
density. The concentration at 450 km is only about 0.01 that at perigee 
so the time required to establish equilibrium at the higher altitude would 
also be 0.01 that required at 260 kilometers. 

The data acquired from 20 May to 31 May, Figure 12, include 
Northern and Southern Hemisphere measurements up to 600 kilometers 
altitude and ranges from near sunrise to mid-afternoon. At perigee 
there are concentrations from 9 X 10 7 cm -3 (724 WNK) to 2.5 X 10 8 cm -3 
(817 FTM) at noon time, emphasizing again the large variations en- 
countered. The 0/N 2 ratios on magnetically undisturbed days typically 
range between 1.0 and 1.6, with two examples (753 WNK and 118 BP) 
greater by an order of magnitude. These data imply an 0/N 2 ratio of 
unity between 200 km and 250 km, in agreement with rocket measure- 
ments. At altitudes greater than 450 kilometers it is noted that the 
Southern Hemisphere passes show a generally higher oxygen concentra- 
tion than the Northern passes by about a factor of five; the Southern 
passes are mid-afternoon measurements while the Northern observa- 
tions were generally made in the early-to -mid-morning. 

4.7 Daytime Helium 

Figures 13 and 14 show the results of the helium measurements up 
to 735 kilometers; Figure 13 contains the data obtained in April at 
northern latitudes and near the equator, while Figure 14 presents the 
May data, northern, southern and equatorial. 
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At 260 kilometers in April the data show helium concentrations of 
about 1.4 ± 0.3 X 10 6 cm“ 3 at local times near sunset in the Northern 
Hemisphere. At 500 kilometers around sunrise, this concentration falls 
to 4.5 ± 1.5 X 10 5 cm" 3 . It is seen that this decrease with altitude is 
generally consistent with a temperature of 800°. 

The equatorial passes at high altitudes near sunrise indicate a gen- 
erally higher number density for helium than is obtained at higher lati- 
tudes. If the concentrations obtained at altitudes near 700 kilometers 
at the equator are the result of an isothermal diffusive atmosphere, then 
the concentrations here appear to be about 2.5 times the concentrations 
farther north. There must be some effect other than just a change in 
atmospheric temperature to cause this difference in the concentration 
as helium is relatively insensitive to temperature variations. For ex- 
ample, a change from 800° to 1000° would produce an increase of only 
1.6 at 700 kilometers. This is not enough to explain the differences 
observed. 

The same sort of behavior is observed when comparing data ob- 
tained in the latter part of May: the helium densities in the Southern 

Hemisphere are about 3.5 times those obtained at northern latitudes. 
Equatorial densities, passes 803 and 877 QUI, in this case fall between 
those obtained in the Northern and Southern Hemispheres. 

Examination of the perigee data again points up a rather large vari- 
ation between 21 May and 31 May, as with the N 2 and O data. In the case 
of helium, however , there is a different trend, as those passes which 
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exhibited the highest densities for N 2 and O, 831 BP, 846 BP and 876 BP, 
are among the lowest for helium concentrations. This would imply dif- 
fering sensitivities for the different species to the various mechanisms 
which lead to changes in number densities above the thermosphere. 

By comparing the daytime helium altitude behavior with that of 
atomic oxygen, Figures 11, 12, 13 and 14, it can be seen that a He/0 
ratio of unity is attained near 600 kilometers for both Northern and 
Southern Hemispheres, in April and May. 

4.8 Daytime Mean Mass and Total Density 

The total density follows, naturally, the variations in the concentra- 
tions of the major components from which it was deduced. The calcula- 
tion of this quantity and its presentation as a function of altitude (Figure 
15) are advantageous, however, as a means of comparison with other 
experiments and with drag calculations, as was done in Section 3.5. 

Thus, we note that the daytime densities calculated for April (about 
20.00 hours) are 1.5 to 2.2 X 10 " 14 gm cm -3 at an altitude near 260 kilo- 
meters. For the same time and altitude, the drag densities are quoted 
as 3.16 to 3.31 X 10" 14 gm cm" 3 (J. Slowey, 1964)( 29 ). In May, the 
perigee densities from the mass spectrometer range from about 6.4 X 
10~ 15 gm cm" 3 to 4 X 10" 14 gm cm" 3 , with the undisturbed conditions 
falling generally less than 2.5 X 10" 14 gm cm" 3 . This can be compared 
to 3.80 to 4.79 X 10" 14 gm cm" 3 for the drag results at the same altitude. 
It appears that for the passes involved there is a systematic difference 
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of 30% to 50%, with the drag densities showing up higher than the direct 
measurements* 

At 450 kilometers, a variation of a decade is seen between the densi- 
ties in the Northern Hemisphere early in the morning and those in the 
Southern Hemisphere around noon one week later. It should be noted 
also that a magnetic storm occurred prior to the Southern Hemisphere 
passes, a storm which apparently caused a factor of three increase in 
density at perigee in this same time period. Thus, the variation at 450 
kilometers should not all be attributed to the difference in location and 
local time. 

The mean mass at perigee for the period around this same magnetic 
storm is interesting from the standpoint of the large increase exhibited 
(Figure 16). A comparison of the gas concentrations involved shows an 
increase in atomic oxygen of about 2.5, while molecular nitrogen varies 
by more than a factor of 6. The ratio of the variations of 0 and N 2 is 
6/2.5 = 2.4 while ratio of 1.55/1.22 = 1.27 is expected for a temperature 
difference of 100° from 700° to 800° from a diffusive model. Thus the 
difference in the variation of 0 and N 2 is more than expected on the 
basis of diffusive models for a change in temperature and must be due 
to changes in the conditions near the diffusive level. It should be noted 
that this ratio in the variations of atomic oxygen and molecular nitrogen 
also applies to the variation of the n(N 2 )/n(0) ratio; i.e. 

n(N a ) 1 /n(N 2 ) 2 

n(0) 1 / (0)7 * 
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Thus the n(0)/n(N 2 ) ratio has varied by a factor of 2.4 over this same 
time interval of one week. Variations of this magnitude (or larger) 
would probably explain many of the apparent "inconsistencies M between 
results of rocket experiments in the past where the time interval be- 
tween measurements has been months, and sometimes years. 

4. V Dynamic Effects 

Due to the high velocity of the satellite, the difference in local sun 
time between measurements of a gas concentration made on a satellite 
pass may be as much as an hour, although the real time difference is 
only one minute. This effect, combined with a possible variation in 
latitude of 5° or more between data points, serves to locate these meas- 
urements in sometimes widely differing environments. As stressed 
earlier, in those instances where there is a relatively large variation 
in atmospheric parameters with time and location, the results of a pair 
of measurements at different altitudes will bear only a complicated 
relationship to an instantaneous vertical profile at either measurement 
location. 

This dynamic effect has shown up most noticeably in satellite passes 
around sunrise and especially at northern latitudes, most probably due 
to the sequence of measurement parameters within a pass in this region. 
Figure 17 shows the variation of "scale height", K, with local time for 
those passes where there is a significant difference in altitude between 
measurements. The "scale height" here is calculated by taking the two 
measurement altitudes, z 0 and z along with the corresponding number 
densities, n Q and lq, and using 
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■J V — O 

In n 0 /n l 

It can be seen that between 4.00 and 8.00 hours H (N 2 ) goes through a 
large maximum, while H (0) exhibits a smaller maximum. There are 
even a number of passes between 5.00 and 6.00 hours where K (N 2 ) be- 
comes negative, i.e. increasing concentration with altitude. 

Examining the altitude /latitude /time relationships for these unusual 
passes brings out one pertinent point: the higher altitude point is con- 

siderably closer in time to a local ’’high altitude sunrise” (J. Lugeon, 
1957)( 33 ) than the lower altitude measurement. The other, more normal 
appearing measurements, were obtained in such a way as to place both 
points about the same time interval after the upper atmospheric sunrise. 
Also, the locations and dates for these passes put them very close to the 
point where the sun never actually M sets n . At 550 kilometers altitude, 
the sun never went below the horizon at latitudes above 46° in the latter 
part of May, while the measurements were made from 35° to 47° latitude 
and in the altitude range 465 kilometers to 540 kilometers. This would 
indicate a constant source of energy into the atmosphere very near to 
where the measurements were made. Any explanation of these observa- 
tions must include a relatively rapid reaction of the atmosphere to the 
solar energy input at altitudes greater than 400 kilometers, as well as 
horizontal gradients and mass transport near sunrise. 
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5. CONCLUSIONS 


It has been shown that direct measurements of atmospheric compo- 
sition are possible from a high altitude earth orbiting satellite. The re- 
sults of these measurements compare favorably with results from pres- 
sure gage experiments on the same spacecraft as well as satellite drag 
data and direct measurements made from rockets. The satellite meas- 
urements offer greatly increased coverage, both altitude and location, 
and can be used to infer local time variations at specific altitudes. 

This increased coverage inherent with a satellite brings its own 
peculiarities to bear on the problem of investigation of upper atmos- 
phere phenomena. Chief among these is the large variation in geo- 
graphic location and local time for a given altitude change, so that the 
data cannot usually be interpreted in terms of a simple altitude profile 
of concentration. We see, for example, data showing molecular nitrogen 
and atomic oxygen behavior at night (Section 4.1 and 4.2) which, if in- 
terpreted in terms of a variation with altitude alone would imply a lack 
of thermal equilibrium between these two species. A much more plaus- 
ible explanation would include variations in the boundary conditions at 
lower levels as a function of location and/or time and horizontal gradi- 
ents in the concentrations of the two species involved. 

The daytime measurements indicate that average conditions near 
260 kilometers were an N 2 concentration of 1.5 ± 0.5 X 10 8 cm" 3 , 0 
concentration of 2.0 ± 0.5 X 10 8 cm -3 and a He concentration of 1.4 ± 

0.3 X 10 6 cm~ 3 . Observations of the 0/N 2 ratio during undisturbed 
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conditions at this altitude indicate that a ratio of unity would be reached 
between ZOO km and Z50 km. Altitude variations of concentrations are 
consistent with an atmosphere in diffusive equilibrium at a temperature 
of 825 ± 75°K. 

The night measurements in general are consistent with an isothermal 
atmosphere at a temperature of 650° to 700°K. Average, undisturbed con- 
ditions at an altitude of 400 kilometers in the Northern Hemisphere appear 
to be an atomic oxygen concentration of 1.0 ± 0.4 X 10 7 cm -3 ; molecular 
nitrogen concentration of Z.O ± 1.0 X 10 6 cm -3 ; and helium concentration 
of 6.0 ± Z.O X 10 s cm -3 . These individual particle densities combine to 
yield a total density under the same conditions of 3.5 ± 1.0 X 10~ 16 gm cm -3 . 
The ratio of N 2 and 0 is near unity at 300 kilometers in these nighttime 
measurements implying a rather thick transition region from an N 2 at- 
mosphere to the altitude where atomic oxygen becomes dominant. Above 
about 550 kilometers, helium has a higher concentration than oxygen. 

A somewhat unexpected result of the observations was the large 
variability of the absolute concentrations and ratios of concentrations 
of the components measured at the same altitudes and local times (and, 
it might be emphasized, with the same piece of measuring equipment) on 
successive days. There is a strong sensitivity to changes in magnetic 
activity, especially for the heavier particles. Some of these variations 
cannot be explained entirely on the basis of temperature changes in the 
upper atmosphere, but must be attributed to changes in the boundary 
conditions at the base of the diffusive atmosphere (homopause). Further 
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investigations are clearly required in order to define the source of 
these variations and their relations to the various energy inputs to the 
atmosphere. 
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FIGURES 


Figure 1 — The Explorer XVII Mass Spectrometer, showing the ion 

source (where the neutral particles are ionized by electron 
bombardment), the electrostatic ion lens, the electric sector 
and the magnetic analyzing region. The relationship between 
the spectrometer axis (which is the same as the satellite 
spin axis) and the velocities of the incoming particles (anti- 
parallel to the satellite velocity vector) is also shown. 

Figure 2 — Photograph of a portion of a telemetry record showing the 
logarithmic amplifier output for one pass. Each mass is 
sampled for eight seconds, four in high sensitivity and four 
seconds in low sensitivity. The precision of the telemetry 
system is 0.2%. 

Figure 3 - The relationships K. (a) relating the measured number 

density, n m , for the j th component to the atmospheric number 
density, n a , for that component. The angle of attack, a, is 
the angle between the spectrometer axis and the satellite 
velocity vector. 

Figure 4 - The relationship between the altitude and the local time for 
those passes discussed in this paper. Each line represents 
the location of the satellite for approximately one minute of 
real time. 
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Figure 5 - The measured number density of molecular nitrogen plotted 
versus altitude for local times between 21.00 and 4.00 hours. 


Each point shown is an average of 120 data points over a two 
second time interval; those measurements taken on one pass, 
one minute apart, are connected by a straight line. A diffusive 
model for an atmospheric temperature of 700° is also included 
for reference. 

Figure 6 — The measured number density of atomic oxygen plotted versus 
altitude for local times between 21.00 and 4.00 hours. Differ- 
ences in the horizontal position and local time of the satellite 
between measurements at the same altitude preclude the in- 
terpretation of this type presentation as a pure altitude pro- 
file. A model profile for T = 700° is also included; the model 
is reduced in absolute value by a factor of three to avoid con- 
fusion with the data points. 

Figure 7 - The measured number density of helium plotted versus alti- 
tude for local times between 21.00 and 4.00 hours. A diffusive 
model profile for T = 700° is shown for reference. 

Figure 8 - Mass density, p ~ L n i rrij, plotted versus altitude for local 
times between 21.00 and 4.00 hours. The major components, 
atomic oxygen, molecular nitrogen and helium, have been in- 
cluded in the summation. 
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Figure 9 


Figure 10 


Figure 1 1 


Figure 12 


Figure 13 


Mean mass, M = S. n.M./X. n., plotted versus altitude for 
local times between 21.00 and 4.00 hours. The major meas- 
ured components, N 2 > 0 and He have been included in the cal- 
culation. 

The measured number density of molecular nitrogen versus 
altitude for local times between 4.00 and 21.00 hours. A 
diffusive model profile for T = 800° is included for reference. 

The measured number density of atomic oxygen plotted ver- 
sus altitude for local times between 4.00 and 21.00 hours. 
These measurements were made during the first two weeks 
of April. A diffusive model profile for T = 800° is included 
for reference. 

The measured number density of atomic oxygen plotted 
versus altitude for local times between 4.00 and 21.00 
hours. These measurements were made during the last 
two weeks of May. A diffusive model profile for T = 800° 
is included for reference. 

The measured number density of helium plotted versus 
altitude for local times between 4.00 and 21.00 hours. 

These measurements were made in the Northern Hemi- 
sphere during the first two weeks in April. A diffusive 
model profile for T - 800° (reduced in absolute value by 
a factor of three) is shown for reference. 
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Figure 14 


Figure 15 


Figure 16 


Figure 17 


- The measured number density of helium plotted versus 
altitude for local times between 4.00 and Z1.00 hours. 

These measurements were made in both the Northern and 
Southern Hemispheres during the last two weeks in May. 

A diffusive model profile for T = 800° (reduced in absolute 
value by three) is shown for reference. 

- Mass density, p = 2 n.m., plotted versus altitude for local 
times between 4.00 and Z1.00 hours. Only the three major 
components, N 2 , 0, and He, have been included. 

- Mean mass , M = 2 n.M./ln., plotted versus altitude for 
local times between 4.00 and Z1.00 hours. N 2 , 0, and He 
have been included in the calculation. 

- The observed "scale height", H, plotted versus local time. 
The quantity K = z x - z Q /ln n Q /n is a measure of the 
variation in number density with altitude, with the intro- 
duction of additional effects due to horizontal changes in 
the densities of the components. 
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